The output of the cerebellar cortex is controlled by two main inputs, (i.e., the climbing fiber and mossy fiber-parallel fiber pathway) and activations of these inputs elicit characteristic effects in its Purkinje cells: that is, the so-called complex spikes and simple spikes. Target neurons of the Purkinje cells in the cerebellar nuclei show rebound firing, which has been implicated in the processing and storage of motor coordination signals. Yet, it is not known to what extent these rebound phenomena depend on different modes of Purkinje cell activation. Using extracellular as well as patch-clamp recordings, we show here in both anesthetized and awake rodents that simple and complex spike-like train stimuli to the cerebellar cortex, as well as direct activation of the inferior olive, all result in rebound increases of the firing frequencies of cerebellar nuclei neurons for up to 250 ms, whereas single-pulse stimuli to the cerebellar cortex predominantly elicit well-timed spiking activity without changing the firing frequency of cerebellar nuclei neurons. We conclude that the rebound phenomenon offers a rich and powerful mechanism for cerebellar nuclei neurons, which should allow them to differentially process the climbing fiber and mossy fiber inputs in a physiologically operating cerebellum.
The output of the cerebellar cortex is controlled by two main inputs, (i.e., the climbing fiber and mossy fiber-parallel fiber pathway) and activations of these inputs elicit characteristic effects in its Purkinje cells: that is, the so-called complex spikes and simple spikes. Target neurons of the Purkinje cells in the cerebellar nuclei show rebound firing, which has been implicated in the processing and storage of motor coordination signals. Yet, it is not known to what extent these rebound phenomena depend on different modes of Purkinje cell activation. Using extracellular as well as patch-clamp recordings, we show here in both anesthetized and awake rodents that simple and complex spike-like train stimuli to the cerebellar cortex, as well as direct activation of the inferior olive, all result in rebound increases of the firing frequencies of cerebellar nuclei neurons for up to 250 ms, whereas single-pulse stimuli to the cerebellar cortex predominantly elicit well-timed spiking activity without changing the firing frequency of cerebellar nuclei neurons. We conclude that the rebound phenomenon offers a rich and powerful mechanism for cerebellar nuclei neurons, which should allow them to differentially process the climbing fiber and mossy fiber inputs in a physiologically operating cerebellum. (1) . They include GABAergic neurons that provide an inhibitory feedback to the inferior olive (IO) and excitatory neurons that project to various other brainstem nuclei exerting motor control (2) (3) (4) . In turn, each CN neuron receives a prominent inhibitory GABAergic input from tens of Purkinje cells, a substantial excitatory input from climbing fiber and mossy fiber collaterals, and a modest input from the local interneurons (4) (5) (6) (7) . Apart from the impact of these inputs, the firing pattern of CN neurons is largely determined by their intrinsic activities (4, (8) (9) (10) (11) (12) (13) (14) . Interestingly, following inhibitory current injections or activation of their Purkinje cell input, CN neurons can show a "rebound" depolarization of the membrane potential, accompanied by action-potential firing (8, 11) . Even though little is known about the prominence of rebound firing in the awake state, various models on cerebellar function consider this rebound phenomenon in the nuclei as an essential mechanism to process and store relevant information on motor coordination (15) (16) (17) (18) . The conductances that allow the rebound firing to emerge involve various types of Ca 2+ -channels, the distribution of which probably varies among the different types of neurons in the CN (8, 11, 14, (19) (20) (21) (22) (23) . Regardless of the type of CN neuron, it is tempting to hypothesize that the climbing fibers and parallel fibers, which evoke complex spikes and simple spikes (24) (25) (26) (27) , respectively, have a differential impact on the generation of rebound activities in the CN neurons.
To test this hypothesis, we recorded spike patterns of CN neurons in rodents, while applying simple spike-like, single-pulse stimuli or complex spike-like, high-frequency train stimuli to the cerebellar cortex or IO. To subsequently identify the nature and source of these responses, we used in vivo whole-cell patch-clamp recordings. We conclude that single-pulse stimuli to the cerebellar cortex mostly elicit well-timed spiking activity in CN neurons without altering the average firing frequency, whereas both simple spike-like and complex spike-like train stimuli or activation of the IO additionally result in increases in firing frequency.
Results
Rebound Activity in Cerebellar Nuclei of Awake, Behaving Animals.
To investigate the prevalence of rebound firing in CN neurons under physiological circumstances, we recorded single-unit activity patterns in the interposed nuclei of awake, behaving mice while electrically stimulating the paravermal region of lobules VI/VII. Overall, the spontaneous activity of the 50 recorded CN neurons varied substantially, as indicated by the wide range of frequencies and coefficient of variance 1 and 2 values (Fig. S1 ). We found that 27 of the 50 CN neurons responded with a pause in their firing to a train stimulus (10 pulses at 100 Hz; 100-300 μA) that mimics near-maximal in vivo Purkinje cell simple-spike activity (19, 28, 29) . To compare the responses to this simple spike-like stimulation between individual neurons, we normalized the firing frequencies to the mean values during the last and first six interspike intervals (ISIs) before and after the stimulus, respectively (Fig. 1A) . This analysis revealed that the average firing frequency during the first six ISIs poststimulus was significantly (P < 0.05) increased (up to 190 Hz) in 15 (56%) of the 27 responsive CN neurons by an average of 42.8 ± 8.5%; however, 8 neurons showed no change (1.2 ± 1.2%) and 4 neurons reduced their firing frequency (−20.9 ± 7.7%) ( Fig. 1 A and B) .
Calculating the average firing frequency over a fixed number of ISIs (see also refs. 19 and 28), however, does not provide information on the exact timing of the spiking activity in CN neurons and assumes a minimal length for rebound responses (e.g., see ref . 30) . To analyze the exact time point at which the chance of spiking is increased, we adapted a convolution method that reforms spiking patterns into a normalized chance of spiking (modified from ref. 31 ) by replacing each spike in the raster plots with a 1-ms SD Gaussian distribution and summing the results over trials (for detailed explanation see SI Materials and Methods and Fig. S2 ). The resulting arbitrary units indicate the normalized chance of spiking and form a measure of spike precision. Stretches with a significant deviation (±3 SD) from the mean normalized spiking chance reflect in or decreases in the relative chance of firing a spike during that period relative to the stimulus. For such increases in the chance of firing a spike, we propose the term "timed-spiking" (Fig.  1C) . We found that 20 (74%) of the 27 responsive neurons showed timed-spiking activity during 20.3 ± 4.2 ms (range 1.0-58.1 ms) following an initial latency (relative to the end of the stimulus) of 9.7 ± 1.2 ms (range 4.1-21.8 ms) (Fig. 1D) .
Next, we wondered whether single-pulse stimuli could evoke similar rebound activities. Single-pulse stimuli of 80 μs failed to induce changes in the firing rate of most neurons (Fig. 1E) ; only 3 of the 22 (14%) responsive CN neurons showed a significant (P < 0.05) increase of 28.7 ± 6.7% in their poststimulus firing frequency; 13 (59%) showed no change (−0.9 ± 0.8%), and 6 (27%) showed a significant reduction (−13.5 ± 2.7%; P < 0.05) (Fig. 1F) . However, when we analyzed the timed-spiking activity, 14 (64%) showed an increased chance of spiking for 5.1 ± 0.5 ms (range 2.9-8.5 ms) ( Fig.  1 G and H) . Although the initial latency of this well-timed spiking response (8.0 ± 0.6 ms; range 5.3-14.2 ms) was equally short as with train stimuli (P = 0.24), the average duration was significantly shorter (P < 0.005). Thus, our data indicate that single-pulse stimuli predominantly induced timed-spiking activity without changing the average firing frequency, whereas simple spike-like train stimuli additionally induced increased firing frequencies.
Negative Shift Action-Potential Threshold Induces Timed-Spiking That Precedes Rebound Depolarization-Induced Increased Firing Frequency.
To elucidate whether both the increased firing frequency and timedspiking activity are accompanied by rebound depolarizations of the membrane potential (V m ), we performed whole-cell patch-clamp recordings in vivo in the interposed nuclei of anesthetized mice while stimulating the paravermis of lobules VI/VII (n = 20). We used ketamine/xylazine and not isoflurane to sedate the mice, because isoflurane directly hampers the occurrence of rebound activity as this anesthetic affects various voltage-gated ion channels (19, 21, 28, 32, 33) (Fig. S3) , whereas ketamine/xylazine blocks α6-and δ-subunit containing GABA A -receptors (34) , which are at most sparsely present in the CN (35, 36 ) (see also ref. 37 for other effects).
When stimulating the cerebellar cortex with 10 pulses at 100 Hz (n = 10), the V m of all CN neurons dropped to more hyperpolarized levels (−12.5 ± 4.9 mV) relative to the resting V m (−52.0 ± 1.2 mV) ( Fig. 2 A and B and Fig. S4 ). Following this "hyperpolarization," 6 of the 10 responsive neurons showed a significant "depolarization" of 1.5 ± 0.3 mV (Fig. 2B ) (see SI Materials and Methods). The occurrence of this depolarization was indeed accompanied by a significant increase in the poststimulus firing frequency (n = 5). Moreover, these intracellular recordings showed that most (60%) of the 10 responsive CN neurons showed a period during which the chance of spiking was significantly increased. Interestingly, however, the timed-spiking responses in these six neurons appeared before the significant rebound depolarization ( Fig. 2A) . In search of an explanation for this result, we studied the kinetics of these timed action potentials and found their initiation threshold to be more negative (Fig. 2C) . Similarly, single-pulse stimuli applied to the cerebellar cortex consistently resulted initially in a hyperpolarized membrane potential (V m ) (−4.6 ± 0.6 mV relative to resting V m of −54.1 ± 1.8 mV) in all 20 CN neurons, which was followed by a significant depolarization (1.1 ± 0.2 mV) in 9 of these neurons ( Fig. 2 D and E). During this rebound depolarization six of these nine neurons showed an increased firing frequency. When we analyzed the timed-spiking activity to such single-pulse stimuli, 12 of the 20 responsive CN neurons showed a significantly increased chance of firing action potentials, which occurred before the membrane depolarization and showed lower initiation thresholds (Fig. 2F) . To investigate the potential role of climbing fiber input on CN activity, we simulated climbing fiber activity in the cerebellar cortex by changing our stimulus protocol to three pulses at 250 Hz (cf. ref. 23 ). This stimulus was successful in evoking three consecutive inhibitory postsynaptic potentials (IPSPs) in 14 CN neurons (Fig.  S5A) , of which the final amplitude (6.4 ± 1.1 mV) was not significantly different from that evoked by either 10 pulses at 100 Hz or that evoked by single stimuli (P = 0.28 and P = 0.22, respectively) ( Fig. 2 G and H) . Following hyperpolarization, the V m significantly depolarized in 8 of the 14 responsive CN neurons by 2.4 ± 0.5 mV (relative to the resting V m of −51.2 ± 1.8 mV) (Fig. 2H) , which was accompanied by a significant increase in firing frequency in 6 neurons. On the other hand, 9 of the 14 responsive neurons showed significant timed-spiking, which was accompanied by a lower action potential initiation threshold in 4 neurons (Fig. 2I) . Thus, in conjunction with the simple spike-like train stimulus (10 pulses at 100 Hz), the complex spike-like stimulus applied to the cerebellar cortex not only elicited timed-spiking activity, but additionally evoked an increased firing frequency in about half of the CN neurons.
These findings raise the question as to whether the timed-spiking activity is a result of stimulus-induced synaptic transmission. We therefore applied hyperpolarizing current injections to five CN neurons, which showed sufficiently low access resistance (38) . Current inputs consisted of a hyperpolarizing step (30-550 pA) immediately followed by a repolarizing ramp (10-20 ms) and resulted in an IPSPlike waveform in the recorded neurons (Fig. 2J) . These inhibitory postsynaptic current-like inputs were similar to IPSPs following three stimuli at 250 Hz (4.6 ± 0.8 mV; P = 0.23 and 9.9 ± 0.6 ms; P = 0.23) (Fig. 2K ) and resulted in well-timed action potential firing in four of five CN neurons for which the initiation threshold was significantly more negative (0.95 ± 0.31 mV; n = 4) (Fig. 2L) , with an increased latency (P = 0.002), but normal duration (P = 0.69) compared with the synaptically evoked rebounds (Fig. 2K) . In some cells we blocked inhibitory input in CN neurons, which attenuated the cortically evoked IPSP and abolished rebound activity in these neurons (Fig.  S5C) . These results indicate that inhibitory input to CN neurons is sufficient to induce timed-spiking activity, as well as subsequent rebound depolarizations that facilitate increased firing frequencies.
Control of Rebound Activities by the Olivocerebellar Loop. Quantifying cellular effects downstream in CN neurons following electrical stimulation of a single point in the cerebellar cortex, as described above, probably yields an underestimation, because under physiological conditions CN neurons are activated synchronously by multiple Purkinje cells from potentially noncontinuous, sagittal microzones, which receive a common input from electrotonically coupled IO neurons (26, 39) . Therefore, we studied the responses of CN neurons in ketamine-/xylazineanesthetized rats following graded stimulation of the IO, while recording single-unit activity from excitatory projection neurons in the interposed or lateral CN that were identified by antidromic activation from the red nucleus (Fig. 3) (40) .
A total of 66 identified CN neurons responded to IO stimulation with a pause in their firing that started between 5 and 10 ms poststimulus and ended 52.0 ± 4.7 ms poststimulus. Many of these units (n = 31) responded reliably (>50%) with an initial spike before the pause at a latency of 4 to 6 ms poststimulus (Fig. S6) . This spike is likely to be triggered by climbing fiber collaterals directly innervating the CN (41) . The average firing frequency of 50 units was significantly increased after the stimulus-induced pause for up to 250 ms. As a group, the average firing frequency more than doubled during this time (Fig. S6A ), but the rebound response was especially prominent in units with a spontaneous firing frequency <40 Hz (Fig.  S6B) . In most of the rebound cases, an increase in stimulus intensity at the IO resulted in a graded enhanced occurrence of the poststimulus excitatory response (Fig. 3D and Fig. S6C ).
Because the onset latency of the rebound (approximately 50 ms) exceeds the duration of the complex spike-induced pause in simple spike firing (10-20 ms) (e.g., see refs. [42] [43] [44] , the latter phenomenon does not seem to dominate the triggering of the rebound in CN neurons. In addition, these rebounds do not seem to depend on increased activity in long-lasting reverberating loops between CN and precerebellar brainstem nuclei (45, 46) , because blocking cerebellar output by injecting lidocaine (50-100 nL) at the decussation of the superior cerebellar peduncle (Fig. 3 A and B) did not have a significant impact on stimulus-induced rebound firing (n = 3) (Fig. 3E) . Note that in these and other instances, a second increase in firing frequency can be noted (Fig. S6C) , which could reflect oscillatory rebound activity in the IO resulting from the synchronous discharge upon stimulation (47, 48) . One might speculate that the initial excitatory postsynaptic responses induced by the climbing fiber collaterals contribute indirectly to the rebound responses in CN neurons (Fig. S6 E and F) (49-51), but it is not immediately clear how this short latency response could influence rebound activity occurring ≥40 ms later. Therefore, it is attractive to hypothesize that rebound firing is mainly caused by the deep and long hyperpolarization induced by synchronously discharged complex spikes.
Rebound Spiking Occurs Spontaneously. We have provided evidence that CN neurons can show a significantly increased firing frequency and timed-spiking activity in response to electrical stimulation of the cerebellar cortex or IO, and we now speculate that a hyperpolarization induced by complex spike activities might trigger their rebound firing. If this mechanism is correct, one should also find every few seconds hyperpolarizations that are sufficiently long and that are followed by rebound firing during spontaneous activity, because olivary neurons fire spontaneously at about 1 Hz (52). We therefore aligned in our whole-cell recordings of CN neurons episodes with a significantly more negative V m (SI Materials and Methods). In 5 out of 17 CN neurons (Fig. 4A) , spontaneous hyperpolarizations (−6.6 ± 0.8 mV; range −3.9 to −8.6 mV; relative to the average resting V m of −53.4 ± 2.0 mV) (Fig. 4C ) occurred that were different from baseline, with a significance level of at least 0.001, and that were also followed by a higher firing frequency (also with a P-level < 0.001), but not timedspiking activity (Fig. 4B ). These spontaneous hyperpolarizations occurred at an average rate of 0.4 Hz and resulted in a pause in CN neuron firing of 126.7 ± 41.7 ms (Fig. 4C) , which is compatible with our hypothesis that they are caused by complex spike activities and that they trigger rebound firing.
Discussion
Our main findings are that stimuli to the cerebellar cortex can result in two separate forms of rebound activity in the CN. These include (i) an increase in firing frequency after an initial pause in firing, which can be induced by train stimuli that mimic either simple spike or complex spike activity; and (ii) timed-spiking activity with no consistent change in the firing rate, which can be induced by singlepulse stimuli. Whole-cell recordings in vivo showed that, whereas the increased firing frequency is accompanied by true rebound depolarizations, the timed-spiking activity occurs predominantly before these depolarizations. Despite the effectiveness of the train stimuli applied to the cerebellar cortex, we found the strongest increases in firing frequency when we directly stimulated the IO (41, 49, 53) . Moreover, we found spontaneous rebound firing in CN neurons following hyperpolarizations that have temporal characteristics that are compatible with those of complex spike activities. Thus, considering our findings and the overall high level of isochronicity in the olivo-cerebellar modules (54, 55) , it is parsimonious to hypothesize that most of the well-timed rebound firing in the CN is induced by activity in the IO. Our extracellular recordings in the awake, behaving mice showed that, in contrast to a recent report by Alvina et al. (28), we are able to elicit a significant increase in firing frequency in the majority of cells using a stimulus train of 10 pulses at 100 Hz. A major difference between the Alvina study and the present one is their use and choice of anesthetics (isoflurane), which has been shown to affect Ca 2+ -channel function (32, 33) , as well as activity patterns of cerebellar neurons (56) , and thus could well have led to an underestimation of the rebound capabilities of CN neurons (23) . One might argue that our use of ketamine/xylazine might have resulted in an overestimation of the rebound capabilities, but there is no evidence for such effects (34) (35) (36) (37) 57 ) and our recordings under anesthesia showed the same type of responses (to both the 10 pulses at 100 Hz and single-pulse stimuli) as those in the awake animals.
Previous studies on the cellular mechanisms underlying rebound capabilities have revealed that specific subtypes of the T-type Ca 2+ -channels mediate transient (Ca V 3.1) and weak (Ca V 3.3) rebound responses (19) (20) (21) 58) . Although our experiments did not identify whether the recorded neurons expressed each of these Ca V 3-subtypes, 3 of 27 CN neurons recorded in the awake mice showed considerably larger increases in their firing rates than others, which might implicate that these neurons express Ca V 3.1 T-type Ca 2+ -channels. In addition to the classification of CN neurons based upon their rebound capabilities, our recordings also allow the comparison of the rebound capabilities upon the baseline activities; by projecting the rebound responses for each responsive neuron on the baseline activities of all recorded neurons, we found, for example, that CN neurons that fire spikes relatively slowly and highly regularly have a remarkably low susceptibility to rebound activity (Fig. S1) . It remains to be elucidated, however, whether such particular firing patterns characterize a specific type of neuron: that is, GABAergic, glycinergic, or glutamatergic CN neurons (also see refs. 4, 14) .
In addition to characterizing the physiologically relevant spiking patterns in CN neurons, the present study was also designed to dissociate between the rebound responses to simple spike-like train stimuli, complex spike-like stimuli, and single-pulse stimuli. Our results show several remarkable comparisons between the individual response types. First, both simple spike-like and complex spike-like train stimuli induce not only actual rebound depolarizations that are accompanied by increased firing rates, but also induce action potential firing before these rebound depolarizations. This pattern of rebound activities was recently also described in an in vitro study that revealed rebound depolarizations induced by action potentialmediated high-voltage activated Ca 2+ -channel activation (23) . Second, our results show that in response to single-pulse stimuli, timedspiking activity prevails even when rebound depolarizations are mostly absent, indicating that the underlying mechanisms are not yet fully elucidated. Third, the responses to simple spike-and complex spike-like train stimuli overlapped extensively. One may argue this is because of a possibly detrimental effect of the reported axonal cut-off frequency for propagation of action potentials along Purkinje cell axons (59, 60) . However, such effect seems unlikely because IPSPs could be detected in response to both the 250-Hz and 100-Hz stimulus trains (Fig. S5) . Instead, we propose that the electrical stimulation of the cerebellar cortex overall was suboptimal, because optimal increases may require activation of many Purkinje cells that project to a single CN neuron, and which are organized in noncontinuous sagittal zones (61) . The current study provides two results that confirm this hypothesis: direct olivary stimulations induced the most vigorous increases in firing frequencies, and rebound activities were observed following IPSPs during spontaneous CN neuron activity (26, 62) . The fact that this spontaneous rebound activity is found at lower frequencies than that of spontaneously occurring complex spikes suggests that only during specific situations, possibly when the electrotonic coupling and therefore the synchrony within the olive is sufficient, this rebound activity may occur.
Rebound firing has been shown to be a likely candidate to facilitate Ca
2+
-influx inducing plasticity of mossy-fiber collaterals in CN neurons (23, 63, 64) . For example, strong increases in the CN firing rate might come about when a subject has to react quickly to unexpected events or show learning-dependent timing, which both require a well-coupled olivary network (46) . Timed-spiking activity on the other hand might have a role in conducting a timing signal downstream. Indeed, neurons in the ventro-anterior and ventrolateral complex of the thalamus, which receive a direct, monosynaptic input from the excitatory neurons in the interposed nucleus, are known to show an all-or-none response to single-pulse stimulations to these CN (65, 66) . Thus, single well-timed spikes in thalamic projection neurons could be an effective measure to transmit, for example, the timing of a motor command (15, 67, 68) . Still, even though the synchrony level among simple spike activities can, under particular circumstances, be just as high as that among complex spike activities (69) , and single pulses may have detectable effects downstream (65) , the present data show that the impact on rebound activity is much more pronounced when synchrony is induced via the complex spike activities: that is, the climbing fiber pathway originating in the IO (49).
Materials and Methods
Awake and anesthetized adult C57BL/6 mice and Wistar rats were used for both extracellular and whole-cell patch-clamp recordings using borosilicate glass electrodes. We recorded the responses to electrical activation of the cerebellar cortex and IO using train and single pulse stimuli. Data are represented as mean ± SEM unless stated otherwise. For a complete detailed description, see SI Materials and Methods.
